For space based robots in which the base is fl'ee to move, mo-[14] M. W. Walker, "Adaptive control of manipulators containing closed kinematic loop ,
tion planning and control is complicated by uncertainties in the inertial properties of the manipulator and its load. This paper presents a new adaptive control method for space based robots which achieves globally stable trajectory tracking in the presence of uncertainties in the inertial parameters of the system.
The paper begins with a partitioning of the fifteen degree of freedom system dynamics into two components: a nine degree of freedom invertible portion and a six degree of freedom noninvertible portion.
The controller is then designed to achieve trajectory tracking of the invertible portion of the system. This portion of the system consist of the manipulator joint positions and the orientation of the base. The motion of the noninvertible portion is bounded, but unpredictable. This portion of the system consist of the position of the robot's base and the position of the reaction wheels.
Introduction
In recent years the control of space based manipulators has r. ceived increased attention.
The main difference between spa(, based robots and their terrestrial counterpart is the dynamic coupling between the manipulator and its floating base. This results in a similar, but uniquely different form for the kinematic and dynamic equations of motion.
Several researchers have focused on the forward and inverse kinematics problem [1, 2, 3, 4] . One of the interesting parts of these results is the formulation of the dynamic Jacobian matrix.
It is now recognized that singularities may occur in the transformation from end-effector velocities to joint velocites which are at different locations than the normal kinematic singularity points. Another interesting result is the concept of the virtual manipulator, [2] . If the mass properties of each link are known, then it can be shown that a virtual manipulator can be obtained for use in the inverse kinematics problem. The advantage of the virtual manipulator is that algorithms developed for terrestrial based manipulators can be applied.
The dynamics of multibody space based systems has been researched for many years [5, 6, 7] . In many ways the control of space based robots is similar to the problems traditionally f_,cod in satellite control.
The main difference is the articulated nal Hr, of the robot. Free floating space based robot control has only recently gained attention [8, 9] .
In both the kinematics problem and the control problems previous researchers have assumed either the mass properties of the system are completely known or the momentum of the system is zero. This paper presents a control method in which neither of the assumptions are made.
We begin this paper with a description of the system considered and the formulation of the dynamic equations of motion.
The fifteen degree of freedom system dynamics are partitioned into two components: a nine degree of freedom invertible portion and a six degree of freedom noninvertible portion. The invertable portion of the system consist of tile manipulator joint positions and the orientation of the base. The motion of the noninvertible portion is bounded, but unpredictable. This portion of the system consist of the position of the robot's base and and the velocity of the reaction wheels. An adaptive controller is then presented to achieve trajectory tracking of the invertible portion of the system. Finally, a summary of the main results and conclusions of the paper are presented.
Equations of Motion
The system we are considering is an n degree of freedom serial link manipulator, with rotational or translational joints, mounted on a base containing tlu'ee reaction wheels. It is assumed that no external forces are moments are applied to the system. However, no assumptions have been made concerning the initial momentum of the system.
Associated
with each link is a right handed Cartesian coordinate system whose position and orientation is fixed with respect to the associated link. This is illustrated for link j in Figure 1 .
The location of this coordinate frame with respect to an inertial reference frame is denoted by the homogeneous transform Tj.
A Floating Referenced Frame is fixed at a specified position on the Base with the same orientation as the inertial reference frame. Its location is denoted by the homogeneous transform To.
The Base link is numbered 3 and its coordinate frame is located at the same location as the Floating Reference Frame, but at a different orientation.
It's location is denoted by the 
Reaction Wheels
The torque delivered to the base of the robot to control its orientation is provided by a set of reaction wheels.
The position variables associated with these wheels are cyclic and therefore it considerably simplifies the analysis by writing the kinetic energy and the resulting equations of motion in terms of the generalized momentum, lj, associated with these wheels.
OK lj=_qj
The main objective of this section is to write the kinetic energy kinetic energy in terms of these generalized momentum.
To this end, we consider the kinetic energy of the j -tl_ reaction wheel,
We will show this can be written in the following form:
Jj is the moment of inertia of the j -th reaction wheel about it's axis of rotation and E_ is a constant matrix.
We begin with some notation. Let x be an arbitrary 6 x 1 vector, which has been partitioned into two 3 x 1 vectors, a and b.
[°]
and define the matrix function R(x) as
where k 0 is a 3 x 3 matrix function such that for any two 3 x 1 vectors a and y, k(a)y = a x y, where x denotes the veclor cross product.
With this notation, we can write the time derivative of T, in the form:
The vector P-o is the position vector of the Floating Reference Frame and, in general, for any joint k, 
Finally, we note that
is a constant matrix. We can therefore write:
This allows us to rewrite the total kinetic energy in terms of the generalized momentum of the reaction wheels.
We obtain,
It is of some interest to note that D___ 3 is the 4 x 4 counterpart of the spatial articulated moment of inertia matrix, The position of the center of mass of link j is given by: p; = T:;
where, r_ = constant, is the location of the center of mass of link j with respect to link j coordinates. This is illustrated in figure 1 . Note that r_ is the center of mass of the combination of the Base and the three reaction wheels. From equation 6 wo get:
By definition of the system centerof mass, we have:
where mj is the mass of link j and mT is tile toted mass of the system. So the linear velocity of the Floating Frame is:
Substituting this into equation 6 gives: 
Thus, we have proven that the position and velocit.y tracking errors have converged to zero if we can show that t) is an L 2 function.
A judicious choice of the norm of (} is a critical part of the method• The following norm /_" is an appropriate choice:
The time derivative of/_" is:
j=3 k=3

The Controller
From equation 12 we get:
where q = q -_/. From this we get:
Defining:
Then, the control law is: n+3 n+3 OA^": = y_ y_ TR{_JUjk(Ak -7_tk) T} (15) Pl j=3 k=3 and the adaptation law is:
where 7 and ajk are positive constants, and Ujk is current estimate of Ujk. Note that only q and _ are required for control and not 0. Also, the acceleration,/_, is not required.
Stability Proof
We define the nonnegative function V(t):
n+3n+3
where the ctj_ are positive constants, and O;a = U;k -0_,. is the error in the estimate of Uj_.
To prove stability we first show that l)(t) _< 0. We start by 
Substituting in the adaptation equation 16 gives:
From the equivalence of finite dimensional vector space norms, there exist a positive constant fl such that:
Therefore, :T: 
Then for Ak we have:
Ak R(vk) R(vo)
For -_k:
and for Ak: Finally, the input is computed:
Note that:
cgAj _ R(si)Aj ifi_<j --_-q/ =_, 0 ifi>j
Conclusion
An efficient algorithm for the adaptive control of a space based robot has been presented• The method makes no assumptions on the initial estimates of the inertial parameters or the initial momentum of the system• Only the position and velocities of the manipulator joints and the Base orientation angles are required by the controller.
The first part of the paper develops the dynamic equations of motion for the system• Key to the method is the use of reaction wheels to control the orientation of the Base and the elimination of the Base linear motion from the equations of motion• It was shown that the effect of the reaction wheels on the dynamics of the system can be divided into two components. A significant extension of these results would be the solution for manipulators containing closed kinematic loops, since these are the most common types of manipulators encountered in practice.
This would also lead to methods for dual arm coordinated motion control and compliant motion control. Another extension would be an adaptive Cartesian coordinate controller• This allow two manipulators mounted on different bases to work in a coordinated manner.
